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Summary

At a time when the global warming stands out as one of the major concerns of this century,
every effort to reduce the impact of human activity on the environment deserves to be considered
seriously. The pollution generated by the road traffic has a large responsability in this phenomena.
There are several ways to reduce the ecological footprint of road vehicles and one of those is to
work on the so-called rolling resistance.

The rolling resistance is largely influenced by the pressure in the tires. Keeping the optimal
pressure in all four tires depending on the driving conditions is a guarantee of energy efficiency.
Furthermore, tire pressure has also a significant impact on the wear of tires, the vehicle handling,
the braking distance and the overall performances.

In view of the foregoing, the company Yovinn AB, in collaboration with the Centre for ECO2

Vehicle Design, would like to design a prototype of an adaptive tire pressure system. Such a
system would be able to automatically and continuously adapt the pressure in the tires to the
driving situation in order to always maintain the optimal pressure. After a summary of what
already exists in this field, the present work aims at describing a possible solution supported by
calculations and CAD drawings. As it will be explained, the proposed solution enables a fast
pressure adaptation in all four tires of a standard passenger car. Moreover, since it makes use of
basic pneumatic components it is quite easy to implement for a relatively small cost. However,
the system does not permit to make use of the energy stored in the air under pressure contained
in the tires when deflation is required. The study was performed for one type of car only, i.e. the
Volvo V70, and has to be adapted on a case-by-case basis.
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Abbreviations

ABS Anti-lock Braking System

ATIS Automatic Tire Inflation System

BSP British Standard Pipe

CAD Computer-Aided Design

CTIS Central Tire Inflation System

ECO2 ECOlogical and ECOnomical

ECU Electronic Control Unit

EPA Environmental Protection Agency

MTIS Meritor Tire Inflation System

NC Normally Closed

SIT Self Inflating Tire

SV Solenoid Valve

TPMS Tire Pressure Monitoring System



Nomenclature

Cd Discharge coefficient [−]

Dvmin Minimal diameter of the considered SV [m]

Mair Molar mass of the air [g ·mol−1]

nx Amount of substance in the thermodynamic system x [mol]

Pc Pressure in the pneumatic circuit [Pa]

Ptank Pressure in the tank at a given time [Pa]

Ptire Pressure in the considered tire at a given time [Pa]

Ptmax Maximal allowed pressure in the tires [Pa]

Ptmin Minimal allowed pressure in the tires [Pa]

Px Pressure of the thermodynamic system x [Pa]

Qm Mass flow rate [kg · s−1]

Qv Volume flow rate [m3 · s−1]

R Ideal gas constant [J ·mol−1 ·K−1]

S Surface [m2]

ta Time allocated for pressure adjustment [s]

Tc Temperature in the circuit [K]

Tx Temperature of the thermodynamic system x [K]

Vtank Volume of the tank [m3]

Vtire Volume of the tires [m3]

Vx Volume of the thermodynamic system x [m3]

γ Heat capacity ratio [−]

ρ Volumetric mass density [kg ·m−3]
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1 Introduction

1.1 Tire pressure and ecological footprint

After being ignored for decades, the global warming have established itself during those last years
as one of the major concerns of humanity. Quite suddenly, scientists realized the seriousness of
the situation and urged governments and companies to take actions to limit the impact of human
activity on the environnement. All sectors of the economy are concerned and each branch should
undertake initiatives to reduce its environmental footprint. According to the Union of Concerned
Scientists [1], the transportation is the largest single source of air pollution in the U.S, road vehicles
being responsible for over 20 % of the global warming pollution.

Tires and their rolling resistance characteristics have a noticeable effect on vehicle fuel con-
sumption. It is believed that a 10 % reduction in average rolling resistance, if achieved for the
entire vehicle fleet in the U.S would lead to 1 to 2 % of fuel economy which is equivalent to the fuel
saved by taking 2 million to 4 million cars and light trucks off the road [2]. An important part of
the rolling resistance is directly connected with the pressure in the tires and therefore maintaining
the right pressure at anytime would substantially decrease the fuel consumption and thus the CO2
released in the atmosphere.

On the other hand, the pressure within the tires also plays a major role in their lifespan since
both over-inflation and under-inflation lead to an increase of their rate of wear. According to the
EPA [3], 290 millions of scrap tires were generated in this same country for the year 2003 alone. If
80 % of those scrap tires were recycled, the remaining were landfilled or stockpiled. Those figures,
added to the fact that manufacturing tires is quite polluting and requires large amount of rubber,
show that trying to reduce the annual tire production by increasing their lifespan is meaningful
from an ecological point of view.

Beside the eco-friendly aspect which is the number one motivation of this project, being able
to continuously manage the pressure in the tires while driving presents several advantages. First
it would prevent the loss of steering precision and cornering stability related to under-inflation.
Moreover, it would enable to increase the grip of the car in case of emergency braking by slightly
decreasing the pressure in the tires. And finally, it would lead to a better traction when driving
on soft grounds such as snow or mud thereby reducing the damage caused by the tires to the road
or terrain.

1.2 Yovinn AB and Centre for ECO2 Vehicle Design

Yovinn AB is a small Swedish consultancy company located in Göteborg covering the entire design
process on behalf of its clients. It goes from establishing a design strategy to developing new
concepts including feasibility studies, competitive analysis, design concept and more traditional
product and service design. The company is a member of the Centre for ECO2 Vehicle Design
abbreviated ECO2 which stands for ECOnomical and ECOlogical. Founded by the Royal Institute
of Technology KTH, ECO2 is a consortium of industrial, academic and societal partners working
in the field of rail and road vehicles aiming at designing sustainable vehicles. When it comes to
designing vehicles, economy and ecology are often seen as two contradictory requirements. The
goal of ECO2 is to find the optimal balance between those aspects using a multidisciplinary and
multi-vehicle approach.

In this context and based on the statistics given in Chapter 1.1, Yovinn came up with the idea
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of a system enabling to adapt the pressure in the tires of a conventional car which fall perfectly
within the scope of ECO2 when one knows the importance of tire pressure on a vehicle ecological
footprint.

1.3 Goals of the system

The concrete objective of the project is to design and implement a system enabling to automatically
and continuously regulate the pressure in the four tires of a standard car. The pressure in the tires
have also to be independent one from each other which means that, for example, one should be
able to inflate two tires and deflate the two other at the same time.

The concept of managing the tire pressure to improve the vehicle performances is not new.
Everybody knows the importance of checking the pressure before taking the vehicle for a long
ride and, as it will be detailed in the following section, some systems to maintain a constant tire
pressure or to adapt it to given driving conditions already exist. But most of them are neither
automatic nor continuous. When such a system enables to set the pressure to a certain value,
it usually belongs to the driver to choose the pressure via a control panel located in the cabin.
Whereas in this project, the idea is to automatically adapt the pressure in the tires without any
intervention of the driver who should not even notice it. Such a pressure change would be ordered
by the Electronic Control Unit (ECU) of the vehicle based on various parameters consisting mainly
of :

• The vehicle load

• The vehicle speed

• The type of road surface (asphalt, dirt road, gravel...)

• The weather conditions (rain, snow,...)

• The driving conditions (accelerating, braking, cornering,...)

The way to translated those parameters into an electric signal that can be processed by the
ECU falls out of the project scope as well as the interface between the ECU and the system itself.
In other words, this project is purely related to mechanics and pneumatics and do not consider
electrical processing and programming. Note also that the solution enabling to supply the air from
the fixed car frame to the rotating wheels is not part of the project.

It is essential to point out that there is a sort of paradox surrounding this project. Indeed,
the purpose of this system is to save energy by decreasing the fuel consumption. But, in order to
work properly it will necessarily require energy. Moreover, it will add mass to the vehicle which is
one of the most important factors in fuel consumption. Thus, all the difficulty lies in designing a
system efficient and light enought to spare more energy than the energy it will consume to run.

There is the same kind of paradox in terms of cost. Indeed, implementing such a device on a
car will obviously increase its final price so why would a client invest in such a car? It has to be a
win-win situation in a sense that the additionnal cost of the system should be compensated by the
money spared with the fuel savings and the improvement of tires lifespan. Those two imperatives
have to be considered when designing the system. The financial aspect is less important in the
prototyping step though.
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2 State of the art

In this Chapter an overview of the existing systems in the field of automatic tire inflation is given.

2.1 Systems maintaining a constant pressure

The first category of already existing devices aims at keeping a constant pressure in the tires
at anytime. This is based on the assumption that the optimal pressure is always the maximum
pressure specified by the tire manufacturer, which is true if one deals with the fuel consumption
aspect only. There are several ways to reach such a goal and the most noticeable ones are introduced
below.

Meritor Tire Inflation System

The company Meritor invented a Tire Inflation System (MTIS) able to compensate for pressure
losses resulting from typical tire punctures and other slow leaks [4]. MTIS uses compressed air
from the trailer´ s air system to inflate any tire that falls below a preset pressure even if the
vehicle is moving. As air pressure drops below the tire manufacturer´ s recommended level,
MTIS automatically routes air through a control box and through the trailer axles to refill any
underinflated tire. The major drawback is that it is adapted for trailers only and cannot be
implemented on a steering axle.

Airgo Automatic Tire Inflation System

The company Airgo commercializes, among others Automatic Tire Inflation System (ATIS), the
T3 system [5]. It is basically the same system than the previous one in the sense that it monitors
the tire pressure, warns the driver and automatically re-inflates leaking tires even if the vehicle is
moving. The major difference is that it can also be mounted on the steering axle.

Self Inflating Tire Technology

What if the tire was able to inflate itself without any external help? It is the idea on which
lies the Self Inflating Tire (SIT) proposed by the company CODA development [6]. The system
relies on the peristaltic pump principles: A tube chamber is integrated into the tire wall when
manufacturing the tire. When the tire rotates, the normal tire deformation due to the vehicle
weight presses the tube chamber at its lowest point. As the tire rolls against the road this point
moves along the peristaltic tube chamber forcing more air into the tire with each wheel revolution.
Once the optimum operating pressure is reached, an automatic pressure regulator disables the
intake of atmospheric air and activates continuous internal air circulation within the peristaltic
tube chamber.

The fact that the SIT makes use of the energy of deformation of the wheel rather than relying
on an external energy source is probably its main advantage. Indeed, it spares more energy and
it is much simpler than implementing a heavy system with a lot of components. However, the
consequence is that it allows nothing but keeping a constant pressure in the tires, no way to set
the pressure to a desired value with this system. The tire company Goodyear is also developing
the same kind of device [7]. Figure 1 illustrates their system.
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Figure 1: Goodyear Self Inflating Tire [7]

2.2 Central Tire Inflation Systems

As explained above, the previous presented systems share the common objective of maintaining
a constant pressure in the tires by compensating leakage and puncture. Another category of tire
pressure managing systems exists: the so-called Central Tire Inflation Systems (CTIS). This time,
the purpose is to enabling the driver to choose the pressure in the tire from the cabin depending
on the road conditions. Once again, it is not really a recent idea since it was first implemented
on the U.S military vehicle DUKW during the World War II [8]. Indeed, this amphibious vehicle
had to be able to operate both on beaches and on asphalt which could not be fulfilled without
adjusting the tire pressure. Since then, it has been widely used by the armies over the world.

Nowadays several companies commercialize CTIS for civilian applications. When it is used on
trucks, the main goal is to adapt the pressure to the load of the vehicle. Indeed, full inflation
is required only when carrying full load at high speed. In every other situation the tires are
actually over-inflated and thus more sensible to potholes and road damages making the ride less
comfortable. In addition, over-inflation induces a loss of grip and hence an increase of braking
distances.

But the main advantage of this system is to enable an increase of the traction of special vehicles
when operating on soft grounds. Therefore, it is widely implemented in fields such as construction,
agriculture, rally raid or more exceptionally 4WD cars. The principle is simple: Decreasing the
pressure in the tire increases the contact surface between the tire and the ground leading to an
increase of the grip. It also decreases the contact pressure of tires which reduces the damage caused
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by the vehicle to the ground. This is particularly important for agriculture and forestry vehicles.
Two examples of applications of a CTIS commercialized by the company Téléflow can be seen in
Figure 2.

Figure 2: Téléflow CTIS on a rally raid vehicle (left picture) and on a tractor (right picture) [9]

Regardless of which company it comes from, all CTIS are based on the same principle: A control
panel is placed in the cabin where the driver can indicate either directly the pressure he wants on
the tires or the current road conditions. Based on the driver instructions, the system somehow
adjusts the pressure in the tires to one of the pressures pre-set in the system. Therefore, the
system is not automatic, since it requires the intervention of the driver, nor continuous, since the
pressure can take only some discrete values. If the CTIS is very convenient in fields where drivers
are professionals knowing by experience which pressure adjustment is optimal for given conditions,
it seems however difficult to adapt to ordinary drivers. Moreover, the fact that the pressure cannot
vary continuously in a given range makes the CTIS non-optimal for the energy-saving purpose.

One needs also to point out that there are also some research in the field of adaptive tires [10].
Using smart active materials, shape memory alloys, optimized rubber compositions, piezo- ceramic
actuators and memory polymers, it seems possible, to some extent, to automatically adapt the
tires shape to the driving conditions. Of course, it is not the topic of the project but still something
that can be interesting to consider.
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3 System design

3.1 System requirements

Before starting the design of a new product, it is essential to establish the requirements it should
meet. The system to design within this project was outlined in the first section: It is a device
enabling to automatically and continuously regulate the pressure in all four tires of a conventional
car independently. The very first goal of this adaptive tire pressure system is to improve the
ecological footprint of a standard passenger car by decreasing its fuel consumption. However,
the passengers´ safety should not be compromised under any circumstances. The comfort of
passengers, the handling of the car, and the system reliability are also parameters to take into
account. Usually, the cost of the system is also an important factor that cannot be ignored, but
since the project here is limited to the pre-study for a prototype designed, those considerations
will come later on. Thus the design of such a system is primarily to find a balance between those
different goals with “Safety first!” as a motto. More specifically, the task consists to imagine a
pneumatic circuit enabling to meet those needs, determine the components it requires, calculate
those components in order to get the desired performances without compromising the safety aspect
and find a way to implement them on a standard car.

First of all, it is necessary to determine the range in which the pressure has to vary. For each
type of tires that they commercialize, manufacturers give a minimal pressure Ptmin, under which
the tire might slip off the rim, and a maximal pressure Ptmax, over which the tire might burst. It
is obvious that the pressure should always stay in the range between Ptmin and Ptmax. To ensure
this requirement, some security devices will have to be placed on the pneumatic circuit. Then, one
needs to establish the level of performances in terms of precision and speed to seek as well as the
energy available to make the system work.

Regarding the precision, a study on current pneumatic technologies used in various industry
sectors proves that it will not be the critical parameter. Indeed a precision of 0.05 bars is more
than enough when it comes to setting the tire pressure to a value and pneumatic components
available on the market offer far better performances.

Regarding the system speed, it is necessary to consider various scenarios that the system will
face. The most critical one being called the avoidance maneuver. This maneuver occurs when
an obstacle suddenly appears in front of the car causing the driver to react in order to avoid it. A
previous study [11] showed that if one manages to decrease the pressure of 0.5 bars in the inner
tires and to increase the pressure of 0.5 bars in the outer tires the radius of the turn will be larger
and potentially sufficient to avoid the obstacle. It is the most demanding situation in terms of
system rapidity since such a large change of pressure in such a short time requires high flows of
air and therefore power-intensive components.

Another scenario is the one when going from full deflation to full inflation or the other way
around. This situation is purely theoretical because in practice the driving conditions are not
supposed to change in such a brutal way that it would require to fully inflate the tires while
they are fully deflated (or the other way around in case of deflation). Therefore, such a pressure
adjustement can take much more time than the one required in case of avoidance maneuver.
However this case cannot be pushed aside since it is the most demanding in terms of volume of air
needed.

All the other cases (speed change, load change, cornering, braking, type of road change, etc) do
not require major pressure adjustments or very short response times. Thus, it seems reasonable to
assume that if the system fulfills both of the above mentioned requirements then it will also work
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in all the other situations.
The previous considerations have to be used as a basis to design the pneumatic circuit of the

system while keeping in mind that it has also to be energy-efficient in a way that it saves more
energy than what it consumes and that the security aspect is a must.

3.2 Pneumatic circuit

Basically, inflating a tire consists of adding a certain volume of air in the tire to make its pressure
rise to the desired value. Conversely, a certain volume of air has to be removed from the tire if one
wants to decrease its pressure. Thus, the whole issue of the system is to enable the flow of given
air volumes in given times. This can be divided in several subproblems listed below.

How to create a pressure difference?

To enable the air to flow, a pressure difference has to be created. As usual in the automotive
industry, this will be done using a compressor. However, it raises the following question: Will
the compressor alone be able to furnish sufficient air volumes within the allocated times? After
investigating the solutions used by manufacturers of CTIS, it seems safer to assume that an air
tank will be required to increase the volume of air available.

How to direct the air flow?

A problem that has to be solve is how to make the air flow into the tires when inflation is requried
and out of the tires in case of deflation. First, everything relies on the fact that air flows from high
pressures to low pressures. But the pressure difference is not enough. One needs a device that
allows the air flow when the pressure has to be adjusted and stop the air flow when the desired
pressure is reached. There are certainly a bunch of ways to perform such a task but the simplest
one is probably to use solenoid valves (SV). A solenoid valve is basically made of the body of the
valve and the coil (or solenoid). A scheme of a basic normally-closed (NC), direct-acting solenoid
valve is given in Figure 3.

The fluid arrives in the inlet port and has to flow through the orifice to go further, but the
latter is closed by the plunger thanks to a spring which balances the force created on the plunger
by the fluid. When a current is provided to the coil, it creates a magnetic field which in turn
creates an axial force attracting the plunger upwards. This opens the orifice and the fluid can flow
to the outlet port. Thus, one simply needs to provide an electric signal to the SVs which will, in
turn, enable the air flow when pressure change is desired. This leads to the following subproblem.

How to order the opening of the SVs?

First, one needs to notice that the selected SVs will be normally-closed (NC) which means that if
they do not get a signal, the SVs remain closed preventing the air flow. The opening order will
actually come from the Electronit Control Unit (ECU) of the vehicle. Nowadays, cars are equipped
with ECUs that control and coordinate all the numerous electronic systems of the vehicle from the
ABS to the speed control and many others. It is a natural choice to put this new system under
the control of the ECU.
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Figure 3: SV scheme taken from www.solenoid-valve-info.com

How will the ECU know if inflation or deflation is required?

This question is a bit out of the scope of the subject since it is assumed that the tension contains
all the information about the required pressure change. However some insights are given here.
First the ECU will permanently know the pressure in the tires thanks to sensors located in each
tires, transmitting the information by radio-frequencies. That kind of sensors already exists and
is widely used in so-called Tire Pressure Monitoring Systems (TPMS) aiming at informing the
driver on his dashboard of the pressure in the tires. Then the ECU will collect information about
weather, speed, load of the vehicle, type of road surface, driving conditions and so on. Most of
those information will be already available on modern cars since they are needed for other electronic
systems. For example, speed sensors are used for the speed control system while the rain-sensing
wiper system make use of sensors able to detect the presence and amount of rain. However, it is
possible that some special sensors will have to be developed, especially regarding the road surface.
Once all those data are collected, they will be processed by the ECU which will deduct the required
pressure in each tire, compare it to the current pressure and command the opening of the SVs if
necessary.

How to secure the system?

Before going further, it is important to outline the possible failures that might endanger the
passengers:

• tire burst

• tank burst

• tire coming off the rim

The safety aspect is mostly addressed by implementing security devices. For example, the burst
of tire can be prevented by adding a relief valve on each tire set to release the air if the pressure
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gets higher than the maximal autorized pressure for the tire. The same applies to the tank with
the use of a relief valve set to open when the pressure gets higher than a certain value. Along side
with those safety valves, the operating pressures have to be chosen low enough to not endanger
the passengers in normal functioning or in case of accident. Each device, and especially the tank,
has to be slightly over-engineered to prevent failures. Regarding the risk that a tire comes off the
rim or, in other words, that the pressure in the tire gets too low, it can be said that since the
chosen SVs are normally closed, over-deflation of the tire should not happen even in case of system
breakdown. On the other hand, if the pressure in the tank gets lower than the pressure in the tires
(which is not supposed to happen), check valves will be placed between the tires and the tank to
prevent the air to flow in the wrong direction.

Once the system will be in its final version, with all the components chosen, it is recommended
to perform a risk analysis to be sure that each risk situation is addressed by a specific solution.
But in overall those safety considerations are very classical in the transport industry and it is not
likely to induce major limitations on the performance of the system.

Pneumatic scheme

Based on all the previous considerations a pneumatic scheme was elaborated (see Figure 4). A
table giving the correspondence between symbols and components can be found in Appendix A.

Figure 4: Pneumatic scheme of the system

To recap, the system will operate as follows: At a given time, the ECU knows the required
pressure in a give tire as well as its actual pressure. By comparing those two values, it chooses
between the following cases: pressure needs to be increased, pressure needs to be decreased, pres-
sure does not need adjusment. In the first case, an electric signal is sent to the inflation SV which
opens and since the pressure is higher in the tank than in the tire, air flows into the tire. When
the desired pressure is reached, the electric signal stops and the SV automatically closes. In the
second case, it is the same process with the deflation SV and since the pressure in the tire is
higher than in the atmosphere, air is released out of the tire. This can be done for all four tires
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at the same time or for each tire individually. Meanwhile, a sensor located in the tank informs
the ECU of the tank pressure. Each time inflation is required, a certain amount of air is taken
in the tank decreasing its pressure. When the tank pressure drops below a minimal pressure, the
ECU commands the pump to start and fill the tank. Once the pressure in the tank has reached
a maximal pressure, the ECU commands the pump to stop. Therefore, the pressure in the tank
should always be comprised between a minimal and a maximal value which are to be calculated.

The security devices previously introduced can also be seen on the scheme presented in Figure
4. One relief valve and one check valve for each tire and a relief valve for the tank. Additionaly,
an air filter is placed right after the pump to prevent particles to get in the pneumatic circuit
and damage components. The filter is followed by an air dryer to remove humidity. That kind of
mounting are very usual in the field of pneumatics. Note also that silencers are placed after the
deflation SVs to reduce the noise created when air is released in the atmosphere. Noise pollution
is one aspect of the overall pollution that has also to be tackled.

As explained above, when deflating the tires, air is released directly in the atmosphere. This air
is under pressure and pressurized air is a form of energy. Thus, it could be argued that releasing
this air directly in the atmosphere rather than using it by sending it back in a closed-loop is a waste
of energy for a system aiming at saving energy. This statement is probably right and the idea of a
closed-loop system was seriously considered before being rejected for the following reasons. The air
pressure in the tires is typically between 2 and 3 bars and the atmospheric air pressure is around
1 bar. To be used for inflation, the air pressure must be raised to the pressure in the tank which
is supposed to vary between 7 and 11 bars (see the Chapter 4). Thus, at first sight, the benefit of
using the pressurized air from the tires instead of taking the air directly in the atmosphere does
not seem substantial since the pressure difference is only of 1 to 2 bars. And in any case, because
of leakage, deformation and other types of loss, it will be necessary to complement the missing air
by atmospheric air. The other reason is that the closed-loop system would be much more complex,
probably requiring a low pressure circuit coupled via a pump to a high pressure circuit which means
more components and thus higher mass, higher cost and higher failure probability. However, one
must keep this idea in mind and if the designed prototype turns out to not be energy-efficient
enough, a closed-loop system could be one of the major improvements to consider.

Now when the pneumatic circuit is designed, the following task is to establish the exact char-
acteristics of the components required to meet the performance expectations. More specifically,
one needs to dimension:

• The pump (type, flow, start pressure, stop pressure)

• The tank (volume, pressure)

• The hoses (lenght, diameter, material)

• The SVs (diameter, flow)
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3.3 Dimensioning of the system

Once the pneumatic circuit is designed and before choosing the components, one needs obviously
to dimension the system. This step aims at using thermodynamics and fluid mechanics in order to
calculate the features that the components should have (size, flows, capacities, mass,. . . ) to ensure
the ability of the system to reach every requirements that were set. In this case, the avoidance
maneuver is the most critical situation one can think of because it consists of an important pressure
change (0.5 bars according to the study [11]) in a very short time (less than 1 second). It can be
added that the pressure change has to be done for the first turn of the steering wheel only (the
one that aims to avoid the obstacle). It is not a major problem if the system is not fast enough to
enable the same change of pressure in the other way for the following turn of the steering wheel.

It seems reasonable to assume that if the system is able to reach that goal, it should work
properly in every other situation that mainly consist either in minor pressure adjustments or in
slower pressure change. “He who can do more, can do less”.

As always in science, calculations rely on models that are idealizations of what happens in
reality. Those models work only under certain assumptions. In this case, the assumptions that
were made are listed below:

• Air is considered as an ideal gas

• The tire is considered non-deformable

• The process is fast enough to be considered adiabatic (at least for the case of the avoidance
maneuver)

• The volume of the hose between the valve and the tire is neglected

Once again, those are only approximations but they are supposed to be close enough to the
reality so that the obtained results will also be close to the reality. Using those assumptions, the
first step of the calculations aims at answering the following question: What amount of air should
be added to (resp. removed from) a tire to increase (resp. decrease) its pressure of a given ∆P?

To get some results, a tire of reference has to be chosen. All the calculations presented below
were based on the tire P195/70 R14 for two reasons. First, this type of tire was used for the
simulations in the master thesis of Alexander Varghese [11] which constitute a basis to set the
required level of performance of the system. Secondly, it is a common size for cars with a mass of
around 1.8 tons. Such a tire has a volume of about 41.15 l and its pressure can vary between 1.8
bars and 2.9 bars.

Note also that the following calculations hold on two fundamental formulas:

P ·V = n ·R ·T (1)

and

P ·V γ = C (2)

Equation 1 is known as the ideal gas law and can be used under the assumption considerating air
as an ideal gas. In this equation, R is the ideal gas constant and is equal to 8.31 J ·mol−1 ·K−1.
Equation 2 can be used for an adiabatic transformation of an ideal gas. In Equation 2, C is
a constant which only depends on the fluid and the transformation. Note that all the other
parameters used in this paper are listed in the Nomenclature.

11



Calculations of the flows and valve sections

The goal here is to determine the quantity of air to add in the tire in order to rise its pressure of
a certain amount. It is fundamental to think in terms of amount of substance which is given in
mols rather than in terms of volume. Indeed, the same amount of air can occupy different volumes
depending on the pressure and the temperature. Figure 5 was made to show a basic representa-
tion of what happens during inflation and will be used as a support for the calculations. All the
notations used hereafter refer to Figure 5 and are also defined in Nomenclature.

Figure 5: Inflation process

Compression of the red air mass

When the inflation SV opens the blue air mass at high pressure penetrates in the tire com-
pressing the red air mass which initially occupied the whole tire.

Using Equations 1 and 2 introduced previously, it is possible to write:

P0 ·V γ
0 = P1 ·V γ

1 (3)

and

P0 ·V0
T0

=
P1 ·V1
T1

(4)
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Hence,

V1 = V0 ·
(
P0

P1

) 1
γ

(5)

In the previous expression, P0 is the initial pressure in the tire measured by a wireless pressure
sensor, P1 is the desired pressure in the tire and V0 is the volume of the tire considered as non-
deformable. The volume of air to add to make the pressure rise from P0 to P1 is given by :

V ′1 = V0 − V1 (6)

V ′1 represents the volume of air taken in the tank to fill the tire after expansion. Using the previ-
ous equations, it is possible to calculate the temperature of the red air mass after compression:

T1 = T0 ·
P1 ·V1
P0 ·V0

(7)

One has to make sure that this temperature will not be too high.

Expansion of the blue air mass

Then, the expansion of the blue air mass is of interest. It is possible to get the volume of air
taken in the air tank to fill the tire before expansion:

V ′0 = V ′1 ·
(
P1

P ′0

) 1
γ

(8)

Where P ′0 is the pressure in the tank (or in the circuit in a more general way).
This latter volume represents the volume of air that has to be taken from the tank to fill the

tire during a given time. Therefore, the required flow is given by:

Qv =
V ′0
ta

(9)

Where ta is the time allocated for the inflation.
Then, it is possible to calculate the temperature of the blue mass after expansion and to make

sure it is not too low to avoid a risk of ice formation on the rim. Finally, one can approximate the
final temperature in the tire when the blue and the red masses have reached a new thermodynamic
equilibrium:

Tf =
n0 ·T1 + n′0 ·T ′1

n0 + n′0
(10)

Where n0 and n′0 can be easily obtained using the ideal gas law (Equation 1). Once again, one
has to make sure that this temperature is acceptable for the tire.

Calculation of the valve sections

The sections of the components located on the path of the air will obviously limit the flow and
that is why it is necessary to calculate the minimal sections of those components enabling to meet
the requirements in terms of system rapidity.
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The required flow has been calculated above. The mass flow rate is given by:

Qm = ρ′0 ·Qv =
n′0
V ′0

·Mair ·Qv (11)

Where Mair is the molar mass of the air (i.e. 29 g.mol−1).

On the other hand, the velocity of a gas flowing through an orifice attains a maximum or sonic
velocity and becomes "choked" when the ratio of the absolute upstream pressure to the absolute
downstream pressure is equal to or greater than

[
γ+1
2

]γ/(γ−1). Under those choked conditions
(that are usually satisfied in this kind of application), the mass flow rate through the orifice can
be written:

Qm = Cd ·S · ∆P ·

√
γ ·Mair

R ·T ′0
·
(

2

γ + 1

)( γ+1
γ−1)

(12)

Where Cd is called the discharge coefficient (dimensionless, about 0.72) and S is the section
of the orifice. Using the latter formula, and since Qm has been calculated above, it is possible to
isolate S and therefore to find the minimal required diameter of the valve to allow the required flow.

Case of deflation

Exactly the same reasoning hold for the deflation. Using the definitions given in Figure 6, it
is possible to determine the required flow as well as the minimal diameter of the valve enabling to
get this flow.

Figure 6: Deflation process

Results for the flows and valve sections

Some calculations were made for the tire P 195/70 R14 based on the previous calculations. The
temperature of the air in the circuit was assumed to be constantly equals to 20◦C. Of course this
temperature will vary depending on the weather, the pressure in the circuit, the duration of the
journey and other parameters, 20 ◦C appears to be a realistic average value and the results do not
depend so much on this value anyway. The same goes with the temperature inside the tires which
was taken equal to 40◦C.
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As explained above, the worst case scenario in terms of system speed is the avoidance maneuver
when pressure has to be increased or decreased with 0.5 bars in less than 1 second. It is important
to notice that the total response time of the system for such an operation includes not only the
time required to inflate or deflate the tire of 0.5 bars but also the response time of the distributor
devices. The typical response time of a solenoid valve is around 50 ms but the air has also to
travel from the inflation SV to the tire. Taking into account those previous considerations and to
be on the safe side despite the approximations that were made for the calculations, it was chosen
to dedicate a time of 0.8 s for the inflation and deflation operations.

The idea is now to calculate, depending on the pressure variation and for the minimal and the
maximal pressure in the circuit Pc (in the case of inflation only), the minimal required flow Qvmin

, the minimal required diameter of the valve Dvmin and the volume of air taken in the tank ∆V
(in the case of inflation only).

The results obtained in the case of inflation are summarized in Table 1. The manufacturer of
the considered tires imposes a minimal pressure of 1.8 bars and a maximal pressure of 2.9 bars.
That is why two extreme cases were considered for comparison: the case where the initial pressure
is the lowest possible (i.e. 1.8 bars) and the one where the final pressure is the highest (i.e 2.9
bars). This table shows that the inflation Sv should allow flows up to 4.2 l/s and that the diameter
of the valve should be above 7.9 mm. Note also that the pressure in the circuit was assumed to
vary between 6 and 8 bars. At this point, those values have more to do with an educated guess
rather than the result of calculations. Actually, this mostly depends on the power of the pump
and the pressure that the various components (especially the tank and the hoses) can bear without
risk of breaking. That is why the pressure range of the circuit will be determined in the section
“Choice of components”.

Table 1: Results for inflation

∆P Pc(bar) Qvmin(l/s) Dvmin(mm) ∆V (l)

From 1.8 to 6 4.17 7.51 3.33

2.3 bars 8 3.39 6.38 2.71

From 2.4 to 6 3.87 7.86 3.10

2.9 bars 8 3.15 6.48 2.52

Figure 7 shows the evolution of pressure in the range 2.4 to 2.9 bars in the tire depending on
the time for different valve sections when the circuit pressure is equal to 6 bars.

It is very important to underline that those results do not take into account that the pressure
in the circuit will not be constantly equal to 6 bars but it will decrease from its initial value along
with the tire inflation. As long as the pressure in the tank stays above 6 bars, the inflation will be
even faster than what is given above. If the pressure in the tank drops below 6 bars, the inflation
will slow down, but before it happens the pump should start (the start pressure of the pump has
to be decided later on) and decrease the speed at which the tank empties and therefore the rate at
which its pressure decreases. In other words, if the start pressure of the pump is chosen properly,
it is unlikely that the pressure in the tank drops below 6 bars and even if it was to happen (for
example in an extreme situation when several avoidance maneuvers occur in a row), the inflation
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Figure 7: Pt vs time for Pc = 6 bars (Inflation)

would likely be almost over at this point.
The same simulations have been run in the case of deflation (Table 2). Note that in this case,

the pressure in the circuit does not matter since the air is released from the tire directly in the
atmosphere whose pressure is supposed to be constantly equal to 1 bar (good approximation).
Note also that in this case ∆V (the volume of air removed from the tire) is not really of interest
since it has nothing to do with the air stored in the air tank.

Table 2: Results for deflation

∆P Qvmin(l/s) Dvmin(mm) ∆V (l)

From 2.3 to 1.8 bars 8.26 12.5 6.61

From 2.9 to 2.4 bars 6.50 9.93 5.20

Table 2 shows that the deflation will be more critical than the inflation which could be expected
since the difference between the pressure in the tire and in the atmosphere is smaller than the
difference between the pressure in the circuit and in the tire. Therefore, the deflation valve should
have a diameter of at least 12.5 mm and allow a flow of 8.3 l/s for the system to fulfill those
performances. Figure 8 shows the evolution of pressure with time for different valve sections. As
it can be seen, the deflation is much more restrictive than the inflation regarding the size of the
valve.

Even if it is a purely theoretical study, it is interesting to consider the case of full inflation
(resp. full deflation) to see how much time it takes to go from the lowest (resp. highest) possible
pressure to the highest (resp. lowest) possible pressure for several valve sizes. Those cases are
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Figure 8: Pt vs time (Deflation)

shown in Figure 9.
Taking into consideration all the previous data, the diameter of the valves will be chosen

between 12 and 13 mm depending on what is available on the market. For an average value of
12.5 mm of diameter, the performances for full inflation and full deflation are listed in Table 3.
Note that once again the times given in the table do not take into account the response time of
the different devices used to convey the air.

Table 3: Results for full inflation/deflation

t(s) ∆V (l)

Inflation Pc = 6 bars 0.65 7.07

(1.8 → 2.9 bars) Pc = 8 bars 0.45 5.75

Deflation (2.9 → 1.8 bars) - 1.45 11.88
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Figure 9: Pt vs time

Estimation of the diameter and length of the hoses

The system is supposed to be implementable on any conventional car. The subject of the thesis
suggested to take a Volvo V70 as a basis. The dimensions of this car are roughly 4.83 m of length,
1.87 m of width and 1.55 m of height. The exact implementation of each components of the system
on the car has not been decided at this point. But, in order to ensure that the four tires behave
the same, it will be as symmetrical as possible. Therefore, the maximal length of the hoses for
such a car should be around 3.5 meters. The conveyed fluid being air, the hoses being short and
since the required flows are not so elevated, it is possible to neglect the pressure drop phenomena.
Hence, the diameter of the hoses should be chosen slightly above 12.5 mm depending on what is
available on the market. However, the components on the path of air should be chosen so that
they do not create a significant pressure drop. Moreover the bends of the hoses should be avoided
as much as possible.
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Estimation of the volume and pressure of the tank

So far all the calculations were made for a circuit pressure between 6 and 8 bars. Actually, the
pressure in the tank has to be chosen depending on the room available to implement the tank
under the car. Indeed, the tank must contain a minimum volume of compressed air to allow
inflation each time it is required. The higher the pressure in the tank, the smaller the room it will
occupy. In any case, if the pressure is above 6 bars, the required volume and flows will be less
than those calculated previously. There are two major limitations to be aware of: First, the higher
the pressure, the more powerful the pump needs to be. Powerful pumps, beside being difficult to
implement, consume more energy. Secondly, since the system will be under the car, the pressure
cannot be too high to avoid explosion risks.

As it has already been said, most of the time the system will only have to make minor adjust-
ment of pressure in the tires to keep them at a maximal possible pressure for a given situation.
The case where the tires have to go from full deflation to full inflation is very unlikely to occur
during the same trip. And even if it was to happen, the time it takes to fully inflate the tires will
not be a critical parameter. Therefore even if such an event requires more air than what is stored
in the tank, the missing air could probably be furnished directly by the compressor.

The event that will actually be the most critical regarding the amount of air stored in the tank
is again the avoidance maneuver since it requires a large amount of air in a very short time. And
within that event, the most critical case occurs when the pressure has to increase of 0.5 bars from
the minimal pressure (1.8 bars for the tire P 195/70 R14). To sum up, for the considered tires, the
goal is to find a suitable pressure Ptank and volume Vtank for the tank so that it can store at least
the volume of air required to increase the pressure of 0.5 bars in two tires in less than 0.8 seconds.

The volume of air required for the avoidance maneuver depends on the pressure in the circuit
(which is the same than the pressure in the tank). Indeed, the same amount of air (in terms of
mol) will occupy a smaller volume if the pressure is higher. Figure 10 shows a plot of the volume
required as a function of the pressure in the tank.

Figure 10: Volume required for the avoidance maneuver depending on the pressure in the tank

It is important to note that, for the considered tire, if the pressure drops below 4 bars the
inflation is not possible anymore because it would require too big valve sections. Moreover, most
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of the air tanks available on the market for such applications cannot handle a pressure above 15.5
bars so it will be considered as the upper limit. Indeed, in case of accident the air tank should
not turn into a bomb.

As explained earlier, the operation principle of the system will be as follows: A pressure sensor
is placed in the tank to continuously measure its pressure. When the pressure drops below a
certain value, the sensor sends the information to the ECU that will command the pump to start.
When the pressure reaches a maximum value (the maximum pressure the tank can handle with a
security margin), the ECU will command the pump to stop. The basis used to choose the volume
of the tank is that its pressure should never be below 4 bars. It means that in any situation it
should always remain a minimal quantity of air in the tank so that its pressure is above 4 bars.
On the other hand, one should also take into account the room available under the frame of the
car to implement the tank. Basically, one can consider that an acceptable volume range for the
tank would be from 8 to 12 liters depending on its shape and on the size of the car. In any cases
it should be below 20 liters.

Calculations of volume

It is possible to calculate the volume that the tank should have as a function of its pressure
knowing that its pressure should never be under 4 bars. But once again, some assumptions have
to be made:

• Air is considered as an ideal gas

• The tank is considered non-deformable

• The analysis is not dynamic, i.e. the tank is in a state of thermal equilibrium meaning that
the temperature is considered constant and equals to Tc

Definitions in Figure 11 will be used as a support for the calculations.

Figure 11: Inflation process from the tank point of view
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Using the ideal gas law, it is easy to show that:

Vtank =
Ptank

Ptank − Pmini
.V ′0 (13)

If such conditions regarding the volume to be stored and the minimal pressure of 4 bars would
lead to a too big tank, a strategy with two smaller tanks should be considered. That is why Figure
12 shows the required volume of the tank depending on its pressure in the case where one tank is
used as well as in the case using two tanks.

Figure 12: Required volume of the tank depending on its pressure

From Figure 12, it can be said that for the volume of the tank to be less than 12 liters, its
pressure should be at least 8 bars. It means that when the pressure drops under 8 bars, the pump
has to start to bring back the pressure to a maximum value as high as possible (depending on which
maximal pressure the tank and the pump can handle). Another possibility is to adopt a strategy
with two tanks with a minimal pressure of 6 bars each. Building on the previous considerations,
a choice has to be made for the tank and the pump knowing that the higher the pressure in the
tank(s), the higher the volume of air stored or the smaller the room required to implement them.
But on the other hand, the higher the pressure, the bigger the pump in terms of mass and energy
consumption. And there is not much room in the engine to implement the pump. Therefore a
balance has to be found between the size of the tank and the performances of the pump.

Now that the main features of the components used in the pneumatic circuit have been outlined,
the next step aims at finding components that could fit properly among the ones already available
on the market and to find a way to implement them.
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4 Choice of components

4.1 General approach

When it comes to the choice of components one has to keep in mind the exact purpose of the
designed product. Actually, what is really challenging with this project can be summarized with
one question: Is it worth to waste energy in order to save energy?

Indeed, all the difficulty lies in the fact that to ensure the pressure regulation the system has
to take energy from the car. It can be easily understood that if the energy required by the system
to operate is higher than the one it enables to save, it becomes useless. And since the system
should also improve the handling performances of the car to some extent, finding a right balance is
a tricky task. Indeed, in certain situations such as cornering or braking, a good handling requires
a quick and major change of pressure which in turns requires to transfer a large volume of air in a
short time. There are several options to reach that goal: bigger tank, bigger pump, bigger valves,
higher pressure in the circuit, or most likely, a mix of all that. Anyhow, it also means a higher
energy consumption. The most striking example of this compromise is the avoidance maneuver.
But this avoidance maneuver is not supposed to be a daily situation so one has to decide if the
components should be chosen to enable this maneuver, thus lowering the gain of the system in
terms of energy saving, or if this possibility should be given up for the benefit of the ecological
aspect.

All the previous calculations were made taking the avoidance maneuver (i.e. + 0.5 bars in
two tires and − 0.5 bars in the two other tires in 0.8 s) as a basis. And, as explained above,
once the simulations were done it appeared that this avoidance maneuver required much larger
components in term of size and energy consumption than every other situation. As an example,
deflating a tire P195/70 R14 of 0.5 bars from 2.3 to 1.8 bars require valve diameters of 12.5 mm.
Those are big valves that are difficult to find on the market and that can have a mass up to 1.5
kg each making them difficult to implement under the car frame. This maneuver requires also to
transfer large amount of air from the tank to the tires and hence either a big tank or a big pressure
in the tank. But the pressure in the tank is limited to what the tank can bear and a potential
accident has to be taken into account. Moreover a high pressure in the tank leads to an increase
of energy consumption. But on the other hand, a good handling of the car is not something one
can consider as a high standing option and thus the avoidance maneuver cannot be completely set
aside. The approach that was finally chosen was to try to find the components the closest possible
to the ideal ones (i.e. the ones enabling the avoidance maneuver) but with reasonable size and
energy consumption. Once all the components are selected, it is possible to run new simulations
to evaluate the expected performances of the system with such devices and to make adjustment
until reasonable requirements are fulfilled. It is also important to notice that at this step it is
about designing a prototype and hence the components will be chosen within devices that already
exist on the market and are used for other applications. If the system was to be mass produced, it
would be possible to have custom-made products that would fit better with their exact purpose.

Note that all the selected components for the prototype realization are listed in a
table given in Appendix C. This table also contains (for each component) the quantity
required, the price, the weight, the manufacturer and the reference number. With
those information, it should be easy to find.
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4.2 Choice of the tank and the pump

The pump and the tank works in pair. Indeed, the power of the pump is directly connected to the
desired pressure in the tank which has to be below the maximum pressure it can bear. And the
required size of the tank depends on the flow that the pump is able to provide. The higher the
flow, the less quantity of air has to be stored in the tank because the pump should be fast enough
to fill it up before it is empty.

The pump

The role of the pump (or compressor) is to take the air from the atmosphere and to transfer it to the
tank. Trucks, buses, and other vehicles for special applications often make use of pneumatic energy
for different purpose (braking, supplying the trailer, special devices, . . . ). Therefore the choice of
compressors for those applications is very broad. But most of those compressors are mechanical
and when it comes to finding one implementable in a car engine, it is much more complicated.
Indeed, the engines of cars being so fully packed nowadays, such a mechanical compressor has to
be small, light, with a relatively easy access in case of breakdown and yet it has also to be able
to provide the desired flow under the desired pressure without leakage. An alternative would be
to use an electrical compressor. Anyway, most of the time an air compressor is basically made of
one or several cylinders swept by a piston driven by a device (crankshaft, turntable,. . . ). The flow
provided by the compressor corresponds to the volume of the cylinder(s) swept by the piston in
a given time. That is why higher flows require larger pumps in terms of size. The whole system
can be driven by an electric motor or directly by the engine of the car via an electrical clutch. A
table of comparison was made between the 2 possibilities (see Appendix B). Since the required
flows and pressures are not so high, the electrical pump seems to be the best option because it
offers much more freedom in its implementation in the car than the mechanical pump that has
necessary to be as close to the engine belt as possible. It is also less complicated since it does not
make use of a clutch and is therefore lighter. Finally, even when the clutch of a mechanical pump
is disconnected from the belt, there are still some parts (bearings,. . . ) in contact with the belt
inducing permanent mechanical losses. The drawback is that it will take the energy directly from
the battery so one has to make sure that the battery and the alternator are able to handle such a
device in terms of tension and intensity.

An interesting thing to point out is that, since the system makes use of an air tank, the pump
is not supposed to work all the time but only when the pressure in the tank drops below a certain
value. This is why it can be considered to share the pump between several pneumatic systems
in the car. For example, it could be interesting to have a single air pump to supply the air both
to the air conditioning system or to the pneumatic suspension system and to the tire regulation
system. It would result in economies in terms of weight, money and energy consumption. For now
this option was not envisaged but the feasibility study of such an assembly can be done later on.

Wabco is a company manufacturing electric compressors for car pneumatic suspensions among
others. It was decided to take one of their pumps has a basis for the design of the prototype. The
chosen pump for the prototype has the following features:

• 12 V, 420 W max, Quantity delivered 22 l/min (10 bar), Operating pressure 13.2
bar max.

This particular pump equips the Kia Mohave [12]. Its dimensions and mass are not found but it
should be possible to implement a similar pump on any conventional cars with minor adjustments.
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A power of 420 Watt for a tension of 12 Volt gives a current of 35A. So it fits with any
conventional battery. However, the system cannot work for too long when the engine is off otherwise
it would discharge the battery too fast. It could be a good idea that the ECU forces the pump to
stop right after the engine is stopped.

Regarding its flow of 22 l/min, it is far from being enough to ensure the necessary performance
for the situation of an avoidance maneuver on its own. Indeed, it has been calculated that if the
pressure in the circuit is 6 bars, the flow required to inflate one tire from 1.8 bars to 2.3 bars is
of 4.2 l/s. Since there are two tires to inflate at a time, the total flow required is 8.4 l/s or 504
l/min. Nevertheless, it is among the best flows that can be found for a pump designed to fit in a
car which is why the tank is necessary in order to provide the missing air.

The good point of this pump is that it has a nominal pressure of 10 bars which is higher than
the 8 bars assumption used for the dimensioning. And the higher the pressure in the tank, the
smaller its volume and the higher the speed of inflation. Therefore, it is necessary to find a tank
that can bear 10 bars of pressure. It has also to be big enough to store as much air as possible in
order to, if not being able to perform the avoidance maneuver, at least being as close as possible to
achieve it. But it should not be too big otherwise it might be difficult to implement under the car
frame. Then a start and stop pressure for the pump have to be chosen knowing that the pressure
in the tank should not be too low (typically 4 bars is the lower limit) otherwise the inflation is
not possible anymore. On the other hand, if this start pressure is too high the pump will run very
often, wasting energy and reducing the overall energy efficiency of the system.

The tank

The role of the tank is to store a given amount of air under a given pressure to provide the air to
the tires when inflation is required. It is essential to understand that, rather than a volume, it is a
quantity of air (amount of substance) that has to be transferred from the tank to the tires in order
to make the pressure increase. This quantity of air is given in moles and a same quantity of air
can occupy a smaller or larger volume depending on its pressure. This is why the size of the tank
is directly correlated to its nominal pressure and both of the latter are determined by comparing
the quantity of air removed from the tank in case of inflation with the quantity of air provided by
the pump during a given time. This can be summarized by the scheme presented in Figure 13.

Figure 13: Illustration of the tank equilibrium

The pump chosen has a flow of 22 l/min under 10 bars of pressure. If at a given time only a
small pressure adjustment is required and hence only a small quantity of air has to be added to the
tires, then the pump should be able to provide it on its own and the tank becomes unnecessary.
The purpose of the tank is actually to store the air so that the pump can be off most of the time,
thus reducing the energy consumption. The tank is also a necessity in some special situations, such
as the avoidance maneuver, when the magnitude of the pressure change and the time allocated to
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perform this change are such that the pump flows is not sufficient to meet those requirements. In
those cases, the tank provides the air to the tire and if necessary the pump starts to decrease the
speed at which the tank empties.

When it comes to the choice of the tank several parameters have to be taken into account. First
of all, the dimensioning of the system showed that the pressure in the tank has always to be above
a minimal pressure under which the inflation is not fast enough. Then, the avoidance maneuver is
the situation requiring the larger air transfer in the shorter time. During the dimensioning some
calculations were made to know the required size of the tank depending on its pressure so that it
can store the right amount of air to enable the pressure to rise of 0.5 bars in two tires in less than
one second. Actually, it would be better if the quantity of air stored in the tank would be enough
to perform two times this pressure change because once the obstacle is avoided the car has to be
able to come back on the right track and a good handling is required. Therefore, the choices of
size and pressure should rather be based on the results presented in Figure 14.

Figure 14: Required Vtank depending on Ptank for 2 avoidance maneuvers

However, the previous graph does not take into account the fact that if the pressure drops
below a chosen pressure, the ECU will order the pump to start and the latter will act as a backup
to the tank by compensating a part of the air released in the tires. Practically, it means that if the
start pressure of the pump is high enough, the tank can be a bit smaller than what was calculated.
The chosen pump has a nominal pressure of 10 bars and can bear pressures up to 13.2 bars. So
it sounds reasonable to set the stop pressure of the pump to 11/12 bars. For such a nominal
pressure, Figure 14 shows that the volume of the tank should be around 15 l. A tank of such a
size should be implementable under the frame of a conventional car depending on its shape. If it
is not possible one has to think of placing the tank in the car trunk. Otherwise it can be divided
in several smaller air tanks but this solution should be avoided as far as possible because it would
make the system more complicated and add unnecessary mass.

Once again, this pre-study aims at designing a prototype of the system and not the final system
itself. Therefore, a tank has been chosen among what is already available on the market but if the
system was to be massively used in cars, it would be possible to manufacture customized tanks
with the perfect shape and volume for a given car model. The chosen tank was selected in Wabco´
s catalog [12]. It has the following features:

• 15 l, 546 x �206 mm, 15.5 bar pressure max
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Then, to choose the start pressure of the pump, a balance has to be found between a high start
pressure causing the pump to run very often or a low start pressure inducing a risk of air shortage
in case of avoidance maneuver. For a better understanding of this problem the reader is invited
to imagine that the start pressure of the pump is set to 6 bars. If at a given time, the pressure
in the tank is of 6.01 bars, the pump will be off because it starts only when the pressure is below
6 bars. Then if at this exact moment an avoidance maneuver occurs, a large quantity of air will
be suddenly removed from the tank inducing a quick decrease of its pressure. One has to remind
that if the pressure drops below 4 bars in the tank, then the inflation is not possible anymore. The
pump will obviously start immediately to deliver a flow of approximately 22 l/min which is far
from being enough to fully compensate the quantity of air sent to the tires. Hence, the pressure
in the tank will keep on decreasing at a slower rate until the inflation is over. The question is:
Will the pressure in the tank stay above 4 bars until the inflation is over? If yes, then the pump
can start when the pressure in the tank is as low as 6 bars. If no, then it should start before, for
example when the pressure in the tank is 7 bars.

Calculation of the start pressure of the pump

Knowing the features of the chosen tank and pump, it is possible to check if the pressure in the
tank will drop under 4 bars depending on the initial pressure in the tank when the avoidance
maneuver occurs as well as the start pressure of the pump. The process to make such calculation
will not be detailed here since it is exactly the same reasoning than the one done in Chapter 3.3
but considering the tank instead of the tire. However, in this case, one has to take into account
that when the pressure in the tank drops below the start pressure of the pump the latter will start
and constantly add a quantity of air that will partially compensate the outtake of air to the tires.
This added quantity of air can be approximated by the formula:

npump =
Ptank ·Vpump

R ·Tc
with Vpump = Qv · 10−3 ·

∆t

60
(14)

Where:

• npump is the quantity of air added by the pump to the tank during a given time ∆t [mol]

• Ptank is the pressure in the tank at the time considered [Pa]

• R is the ideal gas constant [R = 8.31 J ·mol−1 ·K−1]

• Tc is the temperature in the tank or in the circuit [K]

• Qv is the flow of the pump [l/min]

• ∆t is the considered time range [s]

Note that several assumptions were made for the previous calculation: First the temperature
change in the tank due to compression/expansion of the gas it contains was neglected. This is
usually acceptable because the pressure change in the tank is very slow but it might be a bit more
doubtful in the case of the avoidance maneuver. On the other hand, the flow of the pump was
assumed to be independent of the pressure which is also an approximation.
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Once this amount of substance added by the pump (npump) is calculated, it has only to be
added to the quantity of air contained in the tank at a given time (ntank(t)) if the pressure has
dropped below the start pressure of the pump and has not reached its stop pressure yet. Along
with this, the quantity of air taken from the tank during ∆t to supply the tires (ntires) has to be
removed. Thus, the quantity of air in the tank after ∆t is:

ntank(t+ ∆t) = ntank(t)− ntires + npump (15)

From then, it is possible to deduce the new tank pressure using the ideal gas law.

Results for the start pressure of the pump

Some simulations where made in the case of an avoidance maneuver. The chosen pump has a flow
of 22 l/min (which is 0.37 l/s) and it is known already from Chapter 3.3 that, even if it depends
on the valve diameter, the flow of air sent to the tires will be much higher in case of avoidance
maneuver than in every other situations. Therefore, even if the pump starts, the pressure in
the tank will keep decreasing until the pressure in the two outer tires has increased of 0.5 bars.
However the fact that the pump is running should somewhat slow down the pressure drop in the
tank. Thus, it is interesting to evaluate the influence of the pump on the pressure drop in case
of avoidance maneuver. Figure 15 shows the evolution of the pressure in the tank with time for
several cases for an initial pressure of 8 bars.

Figure 15: Influence of the pump on the tank pressure drop

In the first case (red curve) the pump is on during the whole time it takes to inflate the tires. In
the second case (green curve) the pump starts when the pressure in the tanks drops below 6.5 bars.
Finally, in the last case (blue curve), the pump is off. As it can be seen on Figure 15, the benefit of
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having the pump on during such a quick pressure change is small. Even when it is running during
the whole inflation (red curve), the pump hardly increases the final pressure in the tank. In other
words, in the case of an avoidance maneuver the pump will not be able to backup the tank which
will have to ensure the air supply on its own. It means that the start pressure should be chosen
so that, in the worst case, the quantity of air stored in the tank is enough to prevent its pressure
to drop below 4 bars in case of avoidance maneuver.

As explained above in normal conditions the pressure in the tank should always be in the range
between the start pressure of the pump and its stop pressure. Thus, the worst case scenario occurs
when an avoidance maneuver is required while the pressure in the tank is hardly above the start
pressure of the pump. Moreover, as explained previously, when an avoidance maneuver is required,
the system should ideally be able to ensure two times in a row the pressure change consisting to
inflate the two outer tires and deflate the two inner tires. A change of pressure of 0.5 bars in
less than one second was the first set goal but it appeared from the dimensioning that for the
system to be able to perform such a pressure change two times in a row it would require really
big components which would be expensive, difficult to implement, heavy and it would reduce the
overall energy efficiency of the system. Therefore, it should be reasonable to aim for an avoidance
maneuver consisting in a pressure change of 0.3 bars in two tires [11], two times in a row and as
fast as possible.

Figure 16, which is taken from a previous study [11], shows the lateral displacement versus the
longitudinal displacement of a car performing an avoidance maneuver in 3 cases.

Figure 16: Avoidance maneuver for different pressure changes [11]

In the first case (blue curve), the pressure in all 4 tires stays constantly equal to 2.2 bars. In
the second case (green curve), the pressure rises with 0.3 bars in the two outer tires and decreases
with 0.3 bars in the two inner tires. It is the same thing in the last case (red curve) but with
a pressure change of 0.5 bars instead of 0.3 bars. As expected, the higher the pressure change,
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the sharper the turn and thus the higher the chances to avoid the obstacle. However, one can see
that the benefit of a pressure change of 0.3 bars is real whereas the difference between a pressure
change of 0.5 bars and a pressure change of 0.3 bars is less obvious.

Figure 17 shows the pressure in the tank depending on the time when an avoidance maneuver
(i.e. one single pressure change) occurs for different start pressures of the pump: 8 bars, 7 bars
and 6 bars. Each time two pressure changes were considered: +0.3 bars and +0.5 bars.

Figure 17: Ptank vs. time for different start pressures of the pump and pressure changes

One can conclude that if one wants to be able to perform the pressure change two times and
still have a pressure above 4 bars in the tank, one can choose either a start pressure of the pump of
8 bars if one aims for a pressure change of 0.5 bars or a start pressure of the pump of 7 bars with
a pressure change of 0.3 bars. The second solution is more efficient in a context of energy saving
since it requires the pump to run less often as well as smaller valves and hoses. As seen in Figure
16, the only drawback is that the benefit in the amplitude in lateral displacement when avoiding
an obstacle will be a bit less than what it would have been with a pressure change of 0.5 bars. But
since the first goal of the project is to reduce the ecological footprint of a car, this “sacrifice” is
probably worth and as it was shown previously the benefit of a pressure change of only 0.3 bars in
term of handling is still very interesting and it does not call into question the avoidance maneuver
as something the system should be able to handle.

To sum up, here are the main features of the pair pump/tank:

• Flow of the pump : 22 l/min

• Nominal power of the pump: 420 W

• Start pressure of the pump : 7 bars

• Stop pressure of the pump : 11 bars

• Volume of the tank : 15 l
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• Maximal pressure the tank can bear : 15.5 bars

• Minimal pressure in the tank : 4 bars

Finally, Figure 18 shows the complete process when an avoidance maneuver occurs while the
initial pressure in the tank is just above 7 bars which is the worst possible case. In this case the
time taken for the pump to fully fill the tank is about 28 seconds which is rather satisfactory.

Figure 18: Ptank vs. time for the whole process

4.3 Choice of the solenoid valves

During the dimensioning part, to get an idea of the required size of the solenoid valves as well as
the flows they should be able to handle, calculations were made aiming at a pressure change of 0.5
bars in 0.8 seconds with a pressure in the circuit of 6 bars. From the choices that have been done
so far and that are detailed above, it is now known that when inflation is required the pressure
in the circuit is not supposed to be below 7 bars (start pressure of the pump) and that because
of the tank capacity, the pressure change in the tire will only be of 0.3 bars (added in the case of
inflation or removed in the case of deflation). Therefore calculations regarding the valve sizes and
minimal flows have to be done again with those new values.

Case of inflation

The results with those new parameters are given in Table 4. It shows that a valve diameter of 5.5
mm is enough to allow the rise of the pressure of 0.3 bars in less than 0.8 seconds. And the chosen
valve should allow flows above 2.3 l/s.

Figure 19 shows that it is actually safer to have a valve diameter of at least 6 mm for inflation.
It is also interesting to evaluate the influence of the size of the valves on the pressure in the

tank when an avoidance maneuver occurs. This is the purpose of results presented in Figure 20.
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∆P Pc(bar) Qvmin(l/s) Dvmin(mm)

From 1.8 to 2.1 bars 7 2.27 5.30

From 2.6 to 2.9 bars 7 2.06 5.49

Table 4: Results for inflation

Figure 19: Ptire vs. time for different valve sizes with the new parameters

Figure 20: Ptank vs. time for different valve sizes

As expected, the larger the valve the faster the pressure decreases in the tank. But one can
also see that, in overall, the pressure drop is more important when the valve is bigger. This is due
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to the fact that when the pump is running it slightly compensates the pressure drop and since its
flow is constant, if the pressure drop in the tank is slower, the pump will have more time to add
air leading to a minimal pressure a bit higher.

Case of deflation

The same calculations have to be made in the case of deflation. One needs to remind here that in
the case of deflation the pressure in the tank is not of importance since the air is released directly
from the tire to the atmosphere. In other words, the only thing that will change with respect to
the calculations made in Chapter 3.3 is that the desired pressure drop in the tires is of 0.3 bars
instead of 0.5 bars. The results are given in Table 5.

∆P Qvmin(l/s) Dvmin(mm)

From 2.1 to 1.8 bars 5.36 10.11

From 2.9 to 2.6 bars 3.86 7.43

Table 5: Results for deflation

As expected the deflation is again more critical than the inflation because of a smaller pressure
difference between the high pressure (pressure in the tire) and the low pressure (atmospheric
pressure). To fulfil the goal of being able to decrease the pressure of 0.3 bars in less than 0.8
seconds it requires valves of at least 10.2 mm of diameter that can handle a minimal flow of 5.4
l/s.

The previous statement is thereby confirmed by results presented in Figure 21. Therefore, it
seems that the best solution is to use two different types of solenoid valves: one specifically for
inflation and the other for deflation.

Figure 21: Ptire vs. time for different valve sizes
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Selection of the proper SVs

From what has been detailed previously it appears that the selected SVs should have the following
features:

• Inflation SVs

– Pmin = Ptankmax − Ptiremin = 9.2 bars

– Dvmin = 5.5 mm

• Deflation SVs

– Pmin = Ptiremax − Patm = 1.9 bars

– Dvmin = 10.2 mm

The functioning of a SV was explained in Chapter 3.2. When one looks at the scheme of a SV,
it is important to understand that the spring stiffness is chosen so that it compensates the force
created by the fluid on the plunger. Since this latter is given by the formula F = P ·S, where P
is the pressure of the fluid and S the surface of the plunger in contact with the fluid, it follows
that the wider the orifice, the stiffer the spring has to be. And the stiffer the spring, the higher
the force the coil has to deliver. Therefore, when consulting the valve manufacturers´ catalogs,
it appears that if one wants to work with high pressures, the orifice of the valve will necessarily
be small and vice versa. This is why two different types of valve have to be chosen: one type for
inflation (high pressure / small size required) and the other one for deflation (low pressure / big
size required).

One has also to take into account that the electricity will be provided by the battery of the car
which is usually a 12 V DC. Thus, the chosen SVs should work under a voltage of 12 V DC as far
as possible.

Bürkert [13] is one of the world leading companies for measurement and control technology.
They are developing, among others, a large panel of solenoid valves including the 6240 series
consisting of 2/2- way, normally-closed, pilot-controlled solenoid valve. The selected models have
the following features:

• Inflation SVs

– Port connection: G1⁄4
– Dvalve: 6 mm

– Pressure range: 0-16 bars

– Response time

∗ Opening: 10-20 ms
∗ Closing: 40-50 ms

• Deflation SVs

– Port connection: G1⁄2
– Dvalve: 12 mm

– Pressure range: 0-16 bars
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– Response time

∗ Opening: 20-40 ms
∗ Closing: 80-100 ms

Those valves can work when the temperature of the fluid is between −40 ◦C and +180 ◦C. As
shown above, their response time is in any case below 0.1 second. The only problem for the desired
application is that the supply voltages offered by the manufacturer are limited to 24 V DC, 24
V/50 Hz AC and 230 V/50 Hz AC which do not fit with the 12 V DC of a car battery. Actually,
those types of valves are rather used in the machine tool industry. But once again, the aim of this
thesis is to design a prototype of the system and hence the components have to be selected among
existing components designed for other applications and which, therefore, do not fit perfectly with
the tire pressure regulator system. If the system was to be massively implemented on cars, several
solutions would be possible: The car batteries could be adapted (for example by adding two 12 V
DC batteries in parallel), or more likely, customized SVs with the proper supply voltage could be
designed. By the way, it is written on Bürkert´documentation that other operating voltages are
available on request.

One needs also to note those valves require a cable plug each. The cable plug is the electrical
interface between the solenoid and the wires coming from the battery. The same model can be used
for the inflation SVs and deflation SVs. The one suggested in the same catalog was the natural
choice.

Regarding the so-called “port connection” , it corresponds to a family of standard screw thread
called the British Standard Pipe (BSP) used internationally to connect and seal the pipes. Tables
giving a correspondance between BSP units and metric units can be found easily on the internet
[14]. Once a port connection size is selected it should be kept for all the components in the circuit
as far as possible (some adapters exist otherwise). Therefore, all the components used in the circuit
should have port connections of G 1⁄4 on the inflation side and G 1⁄2 on the deflation side.

4.4 Choice of the check valves

A check valve is required for each tire to prevent the tire to deflate into the air tank in case of
failure of the system. The only features imposed for those valves are that they should have the
right port connection (i.e. G1⁄4 ) and they should be able to handle flows above 2.3 l/s (i.e. 138
l/min) and pressure above 9.2 bars.

Bosch Rexroth is one of the leading companies in the field of pneumatics [15]. One of their
check valve was selected, it has the following features:

• Port connection inlet: G1⁄4

• Port connection outlet: G1⁄4

• Nominal flow: 1600 l/min

Such a check valve is designed to work in a temperature range between −10 ◦C and +70 ◦C
which might be too narrow for massive production. Thus, once again some specific components
will have to be designed later on, but this check valve is adapted for a prototype.
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4.5 Choice of the relief valves

Circuit relief valve The role of the circuit relief valve is to prevent overpressures that could
lead to the tank bursting. The tank can bear a maximal pressure of 15.5 bars but the pressure
in the circuit is not supposed to be above 11 bars (stop pressure of the pump). Therefore the
opening pressure of the valve should be between those two pressures. On the other hand, its port
connection should be G1⁄4.

Tire relief valves Each tire must be equipped with a relief valve to prevent it to burst in case
of failure of the system (which is not supposed to happen since the SVs used to supply the tires
are normally closed). Those relief valve are placed on the deflation side and hence should have a
port connection of G 1⁄2 . Their opening pressure depends on the type of tire. The one considered
from the beginning, the P 195/70 R14, can bear pressures up to 2.9 bars so the opening pressure
of the relief valve should be 2.9 bars.

The two types of relief valve were chosen in the Bosch Rexroth´ s catalog [15]:

• Circuit relief valve

– Port connection inlet: G1⁄4
– Opening pressure: 15 bars

– Nominal flow: 6755 l/min

• Tire relief valves

– Port connection inlet: G1⁄2
– Opening pressure: 2.9 bars

– Nominal flow: 3613 l/min

4.6 Choice of the purge valve

The purge valve aims at releasing the air from the circuit in the atmosphere when special operation
such as maintenance is required. It was chosen to be manually operated because it is simpler,
cheaper and more reliable. Even if it takes a few minutes to totally empty the circuit it does not
matter that is why the flow allowed by the purge valve has not a real importance. The only criteria
it has to respect here is that its port connection should be G 1⁄4 . Once again it was chosen in the
Bosch Rexroth´ s catalog [15]:

• Port connection inlet: G1⁄4

• Port connection outlet: G1⁄4

• Pressure range : from −0.8 to 50 bars
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4.7 Choice of the air dryer

The air dryer aims at removing the water vapor from compressed air to avoid it to condensate on
the pipes when it cools downstream the compressor. The chosen one was taken from Bosh Rexroth
[15]. It allows a flow of 50 l/min and can operate in a pressure range between 4 bars and 12.5
bars so meets the system requirements. However it can only work for temperatures between 2 ◦C
and 60 ◦C which would not be enough to be massively implemented on cars. So once again, this
option is valid for the prototype only.

4.8 Choice of the air filter

The role of the filter is to prevent the impurities that the compressed air may contain from going
further in the circuit. The performances required for the filter depend on the type of components
located downstream the filter. It is written in the manual of the chosen air dryer that the recom-
mended pre-filtering should be made by a filter of porosity 5 µm. The filter should also allow the
22 l/min of the pump as well as a pressure up to 11 bars. Once again it was taken among the
filters made by Bosch Rexroth [15] and once again the only drawback is that it can only work in
a temperature range between −10 ◦C and +60 ◦C.

One needs also to point out that the manufacturer says that the filter has to be placed in the
vertical position which can be done for the prototype but might be difficult to implement in the
case of a real car. Thus, later on another solution will have to be found. It could be for example a
filter able to work on the horizontal position or a specially designed compartment underneath the
car to host the filter.

4.9 Choice of the plastic tubing

As explained in the dimensioning part, since the conveyed fluid is air and since the lengths of the
tubes are not very long, the pressure drop phenomena can be neglected and hence the hoses can
be chosen with the same diameter as the diameter of the SVs, i.e. 6 mm of diameter on the circuit
side and 12 mm of diameter on the tire side (see the drawing in Figure 22).

The chosen hoses were selected from the Bosch Rexroth´ s catalog [15]:

• Circuit side

– External diameter: 6 mm

– Wall thickness: 0.65 mm

– Pressure max at 20 ◦C: 13 bars

• Tire side

– External diameter: 12 mm

– Wall thickness: 1.1 mm

– Pressure max at 20 ◦C: 11 bars

One can note that because of the thickness of the walls, the diameter of the section of passage
of the air will actually be a bit smaller than the one expected, i.e. 4.7 mm for the circuit side and
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Figure 22: Plastic tubes diameters

9.8 mm for the tires side. This should lower a little bit the expected performances for the avoidance
maneuver but once again, since the purpose here is to design the prototype only, components are
selected among what is available and customized hoses could be ordered to Bosch Rexroth later
on.

4.10 Choice of the silencers

The silencers are located after the deflation SVs to reduce the noise when air is released from the
tires to the atmosphere. It is actually not necessary to put silencer after the relief valves of the
circuit and the tires since they are supposed to work only in case of emergency and noise would not
be a major concern in such a situation. The four silencers were chosen among the Bosch Rexroth´
s silencers [15]:

• Port connection inlet: G1⁄2

• Sound pressure level: 90 db(A)

• Nominal flow : 7100 l/min

4.11 Choice of the connection devices

The components selected cannot be directly connected with hoses. Their inlet and/or outlet is
actually a port connection usually made of an internal thread (or an external thread in the case
of the selected check valves). Therefore, some fittings have to be used as the interface between
the component in question and the hose. On one side the fitting as an external thread if the
component´ s port connection is made of an internal thread or vice versa. It is obvious that the
BSP thread size of the port connection and the fitting have to be the same (for example G 1⁄4 for
both or G 1⁄2 for both). On its other side, it is possible to connect a hose of the right diameter
via a push-in system or a tube nut. Those fitting were also taken from Bosh Rexroth [15]. The
following types of fitting were selected:
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• straight fitting internal thread G 1⁄4 �6 mm

• straight fitting external thread G 1⁄4 �6 mm

• straight fitting internal thread G 1⁄2 �12 mm

• straight fitting external thread G 1⁄2 �12 mm

Close to the tires, when the diameter of the pipes goes from 6 mm to 12 mm (see Figure 22),
a special connector was used to enable the diameter change :

• straight fitting external thread G 1⁄4 �12 mm

Finally, some special kind of fittings have to be used when the direction of the hoses changes:

• Elbow fitting without thread �6 mm

• T-union without thread �6 mm

• T-union without thread �12 mm
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5 Implementation of the system

5.1 Integration of the components

General approach

Once all the components are selected, the next step is to find the optimal way to integrate them
on a car. Of course every car model are different one from another, and each type of a car requires
not only specific components but also a specific way to integrate them. That is why only general
considerations can be given here, taking the Volvo V70 as a basis. The Dassault Systèmes´ CAD
software CATIA was used to visualize of this integration.

As explained in the previous section, some components were selected in manufacturers´ cat-
alogs in order to enable the realization of a prototype (the reference of each component and its
manufacturer is given in Appendix C). Most of the time, CAD files are available for download on
manufacturers´ websites. When it was not the case, a drawing was made based on planes furnished
by manufacturers. For example, the pump had to be drawn on the basis of a drawing given by
Wabco which did not contain all the dimensions. That is the reason why the pump one can see on
the CAD drawings introduced hereinafter does not exactly correspond to the pump of the catalog.
However, the major dimensions are correct so that it occupies exactly the same space than the
real one and the shape is as close as possible to the real one.

A CAD assembly of a complete wheel with its disc brake available on the internet was used to
get a picture of the car dimensions based on those given for the Volvo V70. From this point, it
was possible to get a picture on how to integrate the components under the car frame. A general
view of this integration is given in Figure 23.

Figure 23: Perspective of the system integration

On Figure 23, one can see the valve boxes in green, the tank in blue and the pump in silver
and black. Between the two latters, several components can be found: the air filter, the air dryer
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and the circuit relief.

The pump and the tank

As it was explained previously, an electric pump is the natural choice to supply the pressurized air
to the system. Among other advantages, the fact that it can be placed as far as needed from the
engine is very convenient when it comes to the system integration. Since it is very easy to connect
it to the battery via electric cables, even if it is placed on the other side of the car, it was chosen
to place the pump the closest possible to the tank. The idea behind this choice is to reduce the
distance that the air must travel between the pump and the tank, thus reducing the pressure drop
and the lenght of the hose and, therefore, its price.

The tank being the bigger component of the circuit, its location will decide the location of the
remaining of the system. Once again, one needs to point out that the chosen tank was selected
among components used for other application and therefore it is not optimized for the role it has
to hold in this system. It is probably possible to store the same volume of air (i.e. 15 l) in a more
optimal way. On the other hand, this size of tank is valid for the tire P195/70 R14 which was
taken as a basis for all the previous calculations. But bigger tires would require a bigger tank and
smaller tires would not need a tank as big. Several solutions exist to optimize the air storage and
have to be chosen on a case-by-case basis depending on the car model and the tires size. However,
some ideas are given hereinafter.

First, if it is not possible to find the space to integrate one big tank, maybe it is possible to find
several unoccupied smaller spaces that can accomodate smaller tanks. In this case, the big tank
has to be divided in several smaller tanks able to store the same air volume all together. However,
this solution has several drawbacks. First the pneumatic circuit would be more complicated with
more hoses and hence more pressure drop. Secondly, the total mass of the system would increase,
several small tanks requiring more material than one big.

The second option is to adapt the tank shape to the car model. Why not imagining a tank that
could fit in the rim of a spare wheel for example? Indeed, it is possible to get the same volume
with different shapes. And even if one wants to keep a cylindrical shape it is possible to have
various diameters and lenght for the same volume. The limitation to this solution comes from the
fact that the shape directly influence the level of pressure that the tank can bear and one wants a
tank able to resist at least 12/13 bars.

One idea was to integrate the tank directly to the chassis of the car. A room would be created
in the chassis in one way or another to store the right volume of air. But this would mean that
the car is designed to accommodate the adaptive tire pressure system from the beginning. Before
considering such a solution, the system has to prove itself.

The chosen tank for the prototype has a cylindrical shape with a diameter of 206 mm and a
lenght of 546 mm. It has a volume of 15 l. This is rather big and difficult to implement under the
frame of a Volvo V70. The only possible option in this case is to spare some room in the trunk of
the car. This is why it is represented at the rear of the car in Figure 23. Therefore, as explained
above, the pump will also be placed in the trunk as well as the air filter and the air dryer that must
necessary be placed before the tank. It was chosen to place the circuit relief valve right before
the tank to prevent its pressure to get too high. But it would probably be possible to place it
somewhere else in the circuit (but before the valve boxes though).

Figure 24 shows the integration of those components.
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Figure 24: Front view of the system integration

The valve boxes

There are four valve boxes, one for each tire. The valve box contains all the devices required to
distribute the air from the tank to the tire when inflation is required and from the tire to the
atmosphere when deflation is required. Hence, it consists of the inflation and deflation SVs with
their cable plug, the silencer connected to the deflation SV, the check valve to prevent the air to
flow in the wrong direction, and all the necessary fittings. It is also in the valve box that the
diameter of the tube coming from the circuit switches from 6 mm to 12 mm thanks to a special
fitting.

Figure 25: View from above of the system integration

Figure 25 shows the system seen from above. On this drawing, there are two things to point out
regarding the valve boxes: First, they are very close to the wheel. Secondly, the distance between
the wheel and the valve box is always the same. This was done on purpose. Indeed, the pressure
in the circuit will be equal to the pressure in the tank from the tank to the valve boxes or more
precisely, to the inflation SVs. Whereas the hoses between the inflation SVs and the tires will be
under the tires pressure. So when inflation is required the air has to travel from the inflation SVs
to the tires. And of course this will be done faster if the distance to travel is small, that is why
the valve boxes have to be close to the tires.

For the same reason, i.e. the fact that the air travels shorter distances in shorter times, the
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distance between the tire and the valve box has to be the same for each wheel otherwise the
inflation or deflation would be faster in a certain wheel generating a significant unbalance which
could endanger the vehicle handling.

Figure 26 shows a valve box in details.

Figure 26: Details of the valve box

The dimensions of the valve box are 205 mm × 195 mm × 65 mm. This does not take into
account the height of the cable plugs and the lenghts of the relief valve and the silencer which
are partly outside the box. The cable plugs are oriented downwards and in the direction of the
center of the car but they can be rotated easily. The mounting of the relief valve, i.e partially
outside the valve box, is due to the fact that, in case of emergency, air has to be released directly
in the atmosphere and not in the valve box. Beside the fact that it makes the integration of the
set of components easier, the necessity of having a box is justified by the fact that SVs are quite
delicate components and having them under the frame close to the wheel make them very exposed
to all kind of danger (dirt, snow, humidity, projection, shock, vibration, . . . ). This box was drawn
without any plans and it will probably have to be customized even for the prototype. On the other
hand, the Y-fitting which is used as the valve box´ s outlet was also drawn without any plane.
Indeed, it was not possible to find a Y-fitting with 3 diameters of 12 mm among the consulted
catalogs. It will probably also have to be customized otherwise some adaptators will have to be
found.

From this point, a solution has to be found to convey the air from the valve box outlet, which
is fixed under the frame, to the tire which is rotating. This falls out of the project scope however
some insights are given in the following part.
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5.2 The rotating union

One of the most challenging problem to solve in order to get an operational system is to find a way
to convey the air from the frame which is fixed to the tires which are in motion. This task is not
part of the subject and finding such a system that could be easily adapted to the model of the car
would probably be a project by itself. Indeed, the vicinity of the hub is very different from a type
of car to another and usually very complicated so specific solutions have probably to be found on
a case-by-case basis.

When the system has to be implemented on a dead axle, such as trailer´ s axles in the case of
a truck or the rear axle of most of the cars, it is usually easy. The solution is to drill a passage
directly in the axle in question and integrate a rotating seal. The air coming from the valve box
is sent to the rotating seal which directs it through a line placed into the hollow axle up to the
hub cap. This latter is equiped of a bearing enabling the hub cap to spin relatively to the line.
Then the air is distributed from the hub cap to the wheel with a hose located on the outer side of
the wheel. A video describing this mounting for the CTIS commercialized by TIREMAAX PRO
is available on the internet [16].

This becomes much trickier when it comes to a steering axle for several reasons. First, there
is much less room to integrate a new system because of the presence of all the devices enabling
to steer the wheel. For a standard car those devices usually include the hub carrier, the tie rod
and the cardan joint. Then there is also the suspension system and the brake system. Therefore,
adding a new system in this zone will not be an easy task. However the company Téléflow found
a solution using special valves since its CTIS system also equips civil cars as it is shown in Figure
27.

Figure 27: Téléflow´ s system with internal air passage [9]

In some cases, for example when the vehicle is not predisposed to accommodate an adaptive
tire pressure system, an external air passage can be considered. In this case, a rotating union is
attached to the center of the wheel and a flexible tube carry the air around the wheel from the
valve box to the rotating union. A picture of such a solution designed by Téléflow is given in
Figure 28.

This is usually used in the fields of agriculture and rally and it is said to be reliable. However
the first solution is preferable in order to limit the risk of tearing the line. And it would be more
aesthetic also.
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Figure 28: Téléflow´ s system with external air passage [9]

To sum up, to convey the air from the valve boxes to the tires is a tricky task but some solutions
already exist although manufacturers do not give a lot of details about them.
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6 Conclusion

6.1 Conclusion of the pre-study

Constantly and automatically adapting the tire pressure to the driving conditions that a car
encounters is an ambitious task. However it is probably an innovation that could contribute
to more environmentally friendly road vehicles when one knows the impact of tire pressure on
fuel consumption. It is enough to recognise how much trucks and other specialized vehicles are
equipped of CTIS systems to understand that fuel savings are not just anecdotal. Although it was
not part of the subject, the way to transform the data collected by all kind of sensors into a signal
containing the information regarding the pressure to reach in all four tires is probably what makes
this adaptive tire pressure system specific by comparison to other systems already available on the
market (CTIS, ATIS, SIT, . . . ).

Regarding the system itself, this work shows that it is possible to design and implement a
pneumatic circuit using mostly basic pneumatic components available on the market. The way to
supply the air from the valve boxes to the tires remains to solve but it does not seem to be a too
complex task.

The crucial question is to know if the system will be efficient from an energy point of view.
Indeed to work properly it has to make use of a certain amount of energy which tends to be
higher when the requirements in terms of handling get more restrictive. On the other hand, the
fact of keeping the tire pressure to its optimal value at any time will undoubtedly save energy.
Therefore a balance has to be found between a system having very good handling performances in
extreme situations to the detriment of its energy efficiency and a system less efficient in handling
but presenting higher benefits in terms of energy savings.

The project being part of the Centre for ECO2 Vehicle Design which aims to design sustainable
vehicles, it can be assumed that the fuel saving aspect should be the number one priority.

It is almost impossible to get a reliable estimation by simulations alone of the extent to which
such a system will allow to save fuel. This is due to the fact that the correlation between tire
pressure, rolling resistance and fuel consumption is not fully understood. Therefore, the only
way to quantify the benefit of the adaptive tire pressure is to make a prototype and to perform
measurements. That was the purpose of the project and this is why all the components selected
are listed in Appendix C with their reference number and manufacturer.

6.2 Further improvements

This work only gives a conceptual solution of a possible way to build a prototype. All the analysis
were made for a specific model of car (the Volvo V70) and a specific size of tire. It is obvious that
it has to be adapted on a case-by-case basis if it was to be integrated on another model of car.

Since this focus was about designing a prototype, required components were chosen among
components that already exist and are used in other applications. The main advantage of this
choice is that it is easy and fast to get them from their manufacturers and it is much cheaper than
having them custom built. But the downside is that those components are obviously not perfectly
adapted to this system and the latter could be much more efficient if using components built for
this exact purpose. This goes for every part used in the circuit and especially for the pump, the
tank and the SVs.

Similarly, it would be much easier, and thus cheaper and more efficient, to implement the
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system on a car predisposed to accomodate it. That is why, if the system turns out to be effective
enough to be massively produced, it would have to be taken into account from the beginning of
the car design like it is the case for airbags or air-conditioning nowadays.

Most of the other improvements one can think of have been discussed in the corresponding
parts of this report. For example, it is the case for the idea of having several small tanks instead
of one big or sharing the pump with another system already present in the car.
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Appendix B Comparison mechanical/electrical pump
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Appendix C Details of components
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